rons. There was, however, evidence of morphological abnormalities in a variable percentage of the glomeruli formed ex utero . Further research is therefore essential in order to establish what factors are involved in contributing to the glomerular abnormalities, and to identify ways in which 'normal' renal development can be conserved and optimised in the extrauterine setting.
tion [18] [19] [20] suggest the possibility that an impairment in renal development may be underlying these conditions. Nephrogenesis is ongoing until approximately 36 weeks of gestation and is therefore completed before birth in the term infant. The majority of nephrons (approximately 60%) are formed during the third trimester of pregnancy [21] ; this coincides with the timing of preterm birth. Therefore, it is conceivable that renal development is adversely affected in infants born prior to the completion of nephrogenesis, with the final stages of nephrogenesis undertaken in the extrauterine environment.
The renal structural consequences of preterm delivery still remain relatively unknown, perhaps due to the lack of an appropriate animal model. Therefore, the purpose of this review is to provide an overview of recent stereological studies of renal development in a baboon model of preterm birth. These findings highlight the importance of continued research in this area, and demonstrate the advantages of utilising the baboon model in renal development research.
The Baboon as a Model of Human Renal Development
Through stereological analyses, we have demonstrated that the baboon ( Papio sp.) is an ideal animal model for studies of renal development [22] . Similar to the human, the baboon has a relatively long gestation period (approximately 185 days). Furthermore, the ontogeny of organs such as the kidney is very similar to the human [23] .
Embryological studies of baboon development determined that nephron formation begins at approximately day 30 of gestation [23] , which coincides with the timing of initial ureteric branching in the human kidney [24] . Examination of renal histological sections from baboon fetuses, at varying time points in gestation, further highlighted the parallels in the time course of nephrogenesis between humans and baboons [22] . Nephrogenesis was shown to be ongoing at 125 and 140 days of gestation, with the presence of an active nephrogenic zone (branching ureteric bud and metanephric mesenchyme) in the outer renal cortex, but complete by 175 days, prior to term birth ( fig. 1 ) .
In our laboratory, nephron number (a key measure of renal functional capacity) was determined at the later stages of gestation using the physical disector/fractionator approach (described in a later section), which is the gold-standard stereological technique for the unbiased determination of nephron endowment [25, 26] . In fetal baboons at 125 days of gestation, the beginning of the third trimester of pregnancy, nephron endowment averaged at 115,526 per kidney. By 140 days of gestation, nephron number had increased to 1 160,000 [22] . In baboons where nephrogenesis had been completed (175 and 185 days gestation), total nephron endowment averaged at 284,804 per kidney. There was a strong correlation be- tween nephron number and kidney weight in the baboon suggesting that renal size is a determinant of nephron number. Importantly, nephron number at 125 days of gestation averaged at less than half of the total reached by the completion of nephrogenesis [22] . Therefore, similar to the human kidney, the majority of nephrons are formed during the final trimester of pregnancy. Given the similarities in the time course of nephrogenesis between the baboon and the human, the baboon is therefore an ideal model for research into the effects of preterm birth on the kidney.
The Need for an Animal Model of Preterm Birth
There has been just one study published to date (besides case studies) that has reported on the renal structural effects of preterm birth in the human neonate. In this autopsy study by Rodriguez et al. [27] , the kidneys of preterm neonates, with varying lengths of postnatal survival, were examined using histomorphometric techniques. Results of these analyses indicated that preterm neonates had a significantly reduced number of medullary ray glomerular generations (an index of nephron endowment [28] ) compared to term-born controls; this is potentially indicative of a nephron deficit.
There are difficulties in interpreting these results, however, due to the inherent confounders associated with conducting a human autopsy study. These include intrauterine and extrauterine growth restriction of the neonate, unknown maternal nutritional status and drug use, and the use of an intrinsically ill non-surviving population, all factors which are likely associated with impaired renal development and function in the neonate [29, 30] . Therefore, the use of an appropriate animal model and comprehensive stereological techniques are essential in order to eliminate these confounders and identify the specific effects of preterm birth on renal development.
At the Southwest Foundation for Biomedical Research (San Antonio, Tex., USA), a baboon model of preterm birth was developed. Prior to preterm delivery (48 and 24 h), pregnant dams were administered 6 mg of betamethasone. Baboon neonates were then delivered by caesarean section at 125 days (67%) of gestation, which is equivalent to approximately 27 weeks of gestation in humans. Maternal nutrition was consistently maintained, with all neonates born at an appropriate weight for gestational age. Gestational control animals were delivered and euthanized at 125, 146 and 175/185 days of gestation.
Further preterm baboon neonates were maintained postnatally and euthanised on day 6, 14 or 21 of life. Importantly, baboon neonates (weighing approximately 1 kg at term) are of a similar size to human preterm neonates, which enables the replication of existing intensive care techniques in their postnatal care.
The practice of rapid weaning from ventilatory support, early introduction of parenteral nutrition, and minimal handling were used in the care of the preterm baboon neonates [31] . Briefly, neonates were intubated following delivery, administered surfactant and ventilated with a humidified pressure-limited and time-cycled ventilator. Extubation to nasal continuous positive airway pressure was attempted at 24 h of age. Parenteral nutrition was initiated at 24 h of life and if clinically stable, enteral nutrition was introduced on day 7. Serum electrolytes, glucose, and haematocrit were maintained within the normal range for the extremely-low-birth-weight infant. None of the animals had any identifiable urinary tract anomalies or obstructions, and all were in relatively good health at the time of necropsy. For a more detailed report on the neonatal care of the baboons, see Thomson et al. [31] .
Stereological Assessment of Renal Development
Given that nephrogenesis is ongoing at the time of preterm delivery in the baboon neonate, with the majority of nephrons normally formed during the final trimester of pregnancy [22] , we hypothesised that nephrogenesis would be adversely affected by preterm birth. Therefore, we utilised various stereologic and histomorphometric techniques to assess glomerular generation number, the percentage of abnormal glomeruli, nephron number, kidney volume and renal corpuscle volume [22, 32, 33] .
At necropsy, the baboon kidneys were excised, cut into quarters along the coronal and horizontal planes, and immersion fixed. The kidney quarters were then sampled using the fractionator principle [34] . Each quarter was sliced into 2-mm slices, and every 2nd slice (sampling fraction F 1 ) was embedded in glycol methacrylate resin (1 slice per resin block). The glycol methacrylate blocks were serially sectioned at 20 m; every 10th pair of sections (sampling fraction F 2 ), commencing at a random starting point between 1 and 10 (for example, sections numbered 6, 7, 16, 17, 26 and 27), was collected and stained with haematoxylin and eosin. Total kidney volume ( V kid ) was then estimated using the Cavalieri principle [35] . To do this, every 10th section was viewed using a microfiche reader, with the projected image overlaid by a 2 ! 2 cm unbiased orthogonal grid. The number of intersecting grid points overlaying the kidney tissue on each section was recorded, and total kidney volume was then estimated using the following equation:
where 1/ F 1 and 1/ F 2 are the inverse sampling fractions at each level of tissue sampling; t is the thickness of the sections; a(p) M is the area associated with each intersecting grid point, and P s is the total number of intersecting points counted per kidney. The number of intersecting grid points overlaying one intact section per slice to be used in the estimation of nephron number was also recorded as P f .
Total nephron number was estimated using the physical disector technique. This is an unbiased approach whereby each glomerulus (regardless of size, shape and position) has an equal chance of being sampled [25, 26] . Two modified microscopes with projection arms were used to compare images of paired 10th and 11th histological sections (one completely intact pair of sections per slice of kidney sampled; approximately 8 per kidney). Paired images were projected onto two identical and unbiased 64-point counting frames ( fig. 2 ). Paired kidney sections were systematically sampled (commencing at a random starting point at the top of the section) in a uniform pattern along the x-and y-axis. At each field of view, the number of intersecting grid points overlaying the kidney tissue (P kid ) and renal corpuscles (P corp ) were recorded. The number of glo meruli present in the projected image of the 10th section, but not in the matched 11th section (within the parameters of the unbiased counting frame) and vice versa is recorded as a total of Q -at each field of view. Importantly, only mature glomeruli were counted, with developing structures such as comma-and S-shaped bodies being excluded. The total number of glomeruli in the kidney ( N glom ) was estimated using the following calculation:
where 1/ F 1 and 1/ F 2 refer to the inverse sampling fractions at each level of tissue sampling; P s / P f is the inverse of the sampling fraction relating to the kidney sections analysed; Q -is the total number of glomeruli counted per kidney, and 1/2 f a is the inverse of the fraction of the total tissue area used to count glomeruli, where f a is calculated in the following manner: The physical disector/fractionator technique was used for the estimation of nephron endowment. a The stages of tissue sampling using the fractionator principle for the estimation of kidney volume (using the Cavalieri principle) and nephron number (using the physical disector/fractionator technique). b Representative adjacent 10th and 11th baboon kidney sections overlaid with unbiased 64-point counting frames. The two sections were compared and mature glomeruli were counted if they were present in the section on the right and not on the left, and vice versa, within the unbiased counting frames (partly or wholly within the dashed lines and not touching the bold lines). The glomeruli counted (indicated by arrows; Q -) were used in the estimation of nephron number using the physical disector/fractionator approach.
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P kid is the total number of intersecting grid points counted per kidney; a(p) PD is the area associated with each intersecting grid point used with the physical disector; P f is the number of intersecting grid points on the one intact section per slice of kidney used with the physical disector, and a(p) M is the area associated with each grid point used on the microfiche.
The mean renal corpuscle volume ( V corp ) was calculated by dividing the volume density of the renal corpuscle by the numerical density of renal corpuscles within the kidney:
During the assessment of nephron number, the number of morphologically abnormal and normal glomeruli was also recorded at each field of view. The total percentage of abnormal glomeruli (exhibiting an enlarged Bowman's space and shrunken glomerular tuft) was then calculated per kidney. This comprehensive assessment of renal development was possible due to whole kidneys (or a known fraction of the kidney) being available for analysis; this is often not the case following human autopsy. The medullary ray glomerular generation counting method is a useful technique for the assessment of nephrogenesis in the absence of whole kidneys [28] . This method involves identifying clearly distinguishable medullary rays in histological renal sections, and counting all developed glomeruli along one side of the ray, in a line from the inner to outer renal cortex. In our baboon studies, we have found a strong correlation between glomerular generation number and nephron number, which supports the validity of the technique ( fig. 3 ).
The Effects of Preterm Birth on Renal Development
Our recently published data from stereological analyses of the preterm baboon kidney [32] indicated that, in comparison to age-matched gestational controls, there was no significant difference in nephron number or glomerular generation number in the preterm kidney ( fig. 4 ) ; this is in contrast to the findings from the previously published human autopsy study by Rodriguez et al. [27] . Nephron number in the preterm baboon kidney appeared to be within the normal range, albeit at the lower end; however, nephrogenesis was still ongoing at the time of analysis, so nephron number was expected to increase further before the completion of nephrogenesis. This difference in results compared to the previously published autopsy study [27] is likely due to their inclusion of intrauterine-growth-restricted neonates, a factor known to significantly impair nephrogenesis [36, 37] .
There was substantial kidney growth in the postnatal period following preterm delivery, with significantly larger kidneys in relation to body weight in the preterm baboon compared to age-matched gestational controls [32] . Importantly, the strong correlation between nephron number and kidney weight/volume (noted in previous studies in the baboon [22] ) was maintained in the preterm kidney [32] . However, glomerular density (number of glomeruli per gram of kidney tissue) was significantly reduced in the preterm kidney (83,840 glomeruli/g) compared to controls (193,400 glomeruli/g). Given that total nephron number was not reduced and renal corpuscle size not affected [32] , the reduction in glomerular density most likely reflects a postnatal increase in tubular or interstitial mass.
Of major concern, a significant proportion of morphologically abnormal glomeruli, which exhibited an enlarged Bowman's space and shrunken glomerular tuft, were commonly noted in the outer renal cortex of the preterm baboon kidney ( fig. 5 ) [32] . Similar findings have been reported in the human preterm kidney [27] . Importantly, given the localisation of the affected glomeruli in the outer renal cortex, it is likely that it is those glomeruli that are newly formed in the extrauterine environment that are vulnerable.
There was a large variability between neonates in the proportion of abnormal glomeruli present, ranging from 0.2 to 18.3% [32] . This suggests that the abnormalities may not have occurred as a result of preterm birth per se, but are likely related to factors in their postnatal care, which varied between individual neonates. For example, neonatal exposure to nephrotoxic medications (such as non-steroidal anti-inflammatory drugs and antibiotics) has been associated with both structural and functional renal injury [38] . However, a specific factor attributing to the abnormal glomeruli has not yet been established. Given the extent of the abnormality, it is likely that the affected glomeruli will never become functional, perhaps resulting in a deficit of functional nephrons, as noted in the human preterm kidney by Rodriguez et al. [27] .
Antenatal Glucocorticoid Administration
One factor which is commonly used in the care of the preterm neonate is the administration of antenatal glucocorticoids. In clinical practice, the glucocorticoids betamethasone or dexamethasone are administered to pregnant women at risk of preterm delivery in order to accelerate fetal lung maturation [39] . Importantly, exposure to glucocorticoids antenatally is also associated with increased mean arterial blood pressure, renal blood flow and glomerular filtration rate [40] [41] [42] [43] [44] [45] [46] , suggesting that accelerated renal functional maturation also occurs.
Through previous stereological analyses using animal models such as the rodent [47] [48] [49] and sheep [50] , studies have indicated that a reduced nephron endowment in offspring is associated with antenatal glucocorticoid exposure. Furthermore, a recent study by de Vries et al. [51] found postnatal administration of dexamethasone in the neonatal rat (at a time of ongoing nephrogenesis) led to a reduction in glomerular density. Our studies in the preterm baboon model involved replication of the clinical setting, with 0.4 ml/kg/day of betamethasone administered to pregnant baboons 48 and 24 h prior to delivery [32] . Assessment of the kidneys from these offspring, at 125 days of gestation (the time of caesarean section delivery) and 21 days postnatally, demonstrated that nephron endowment was not adversely affected by steroid exposure. Importantly, structural evidence of enhanced renal maturation was evident, with an increase in the number of mature nephrons present in the steroidexposed kidneys compared to those that were not exposed ( fig. 6 ) [32] ; this parallels the findings of increased renal functional capacity following antenatal glucocorticoid exposure. These results imply that renal development is not likely to be adversely affected in the short term by this common clinical procedure, which is vital for postnatal survival of the preterm infant. As nephrogenesis was still ongoing at the time of assessment, however, it is unknown whether there are long-term effects Color version available online 31 of the accelerated renal maturation, such as the early cessation of nephrogenesis, which may influence total nephron endowment.
Postnatal Retinoic Acid Administration
It can be hypothesised that a preterm kidney with a large proportion of abnormal glomeruli may ultimately suffer a nephron deficit, hence it is important to maximise nephron endowment in the preterm infant. Theoretically, there is a critical 'window of opportunity' in the early postnatal period following preterm birth whereby interventional strategies may be implemented in order to enhance nephrogenesis. One potential strategy that has been investigated was the administration of retinoic acid, the active metabolite of vitamin A. Importantly, vitamin A administration is already being trialled in preterm infants due to successful outcomes in reducing neonatal morbidity and mortality [52] . In the kidney, the administration of retinoic acid upregulates the expression of the c-ret tyrosine kinase receptor, resulting in an increase in ureteric bud branching and thereby increasing the number of nephrons formed [53, 54] . Importantly, the antenatal administration of retinoic acid in a rodent model resulted in augmented nephron endowment in the offspring, even to supernumerary levels [55] , and furthermore subjugated the nephron deficit expected in offspring with simultaneously imposed intrauterine growth restriction [56] .
In the baboon model of preterm birth, 500 g/kg of retinoic acid was administered daily to neonates following preterm delivery at 125 days of gestation. Through stereological analyses of renal development in the 21-dayold preterm baboons, it was determined that postnatal retinoic acid administration did not influence total nephron number or the number of glomerular generations. This lack of effect of retinoic acid on nephron endowment is likely due to the late timing of administration. In the human kidney, ureteric bud branching is completed by approximately 22 weeks of gestation [57] (near the borderline of viability in the preterm infant), therefore only exposure to retinoic acid prior to this time would be likely to enhance nephrogenesis. Therefore, any postnatal interventional strategies in the preterm infant must be focused on the later stages of renal development, such as glomerular generation formation, rather than on the period of branching morphogenesis.
Conclusion
We have shown through a series of stereological studies, conducted using a clinically relevant baboon model, that nephrogenesis continues following preterm birth; however, it may be impaired with evidence of morphological glomerular abnormalities in the outer cortex of some, but not all, preterm kidneys. Importantly, antenatal glucocorticoid exposure prior to preterm birth is associated with accelerated renal maturity, which may impart a benefit on renal function in the early postnatal period. It is essential that future research be focused on determining which factors in the postnatal care of the preterm infant result in impaired renal development, and on ways in which to provide the optimal environment in the neonatal intensive care unit for postnatal organogenesis to occur. Fig. 6 . Average nephron number in fetal baboons at 125 days of gestation and in preterm baboons on postnatal day 21 that were exposed or not exposed to antenatal steroids. Two-way ANOVA analysis determined that antenatal steroid exposure (p = 0.03) and increased postnatal age (p ! 0.0001) were both associated with a significant increase in nephron endowment (derived from Gubhaju et al. [32] ).
